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INTRODUCTION 
 
Neuroblastoma is the most common extra-cranial solid tumor of early childhood characterized by 
variable behavior, ranging from spontaneous regression to highly aggressive disease. Advanced-stage 
neuroblastoma is refractory to multi-modality therapy. Resistance is related to tumor microvessel 
density, therapy-induced damage to tumor vasculature and related effects on angiogenic factors [1-6]. 
However, paradoxically, vascular damage produces localized areas of hypoxia within the tumor volume, 
which can transiently protect surviving tumor cells since hypoxia reduces the effectiveness of 
radiotherapy and restricts the effective delivery of chemotherapeutic agents. The aim of this proposal 
was to test the hypothesis that these deleterious vascular effects can be overcome by using a novel 
radiation delivery approach. Conventional radiation therapy (RT) schemes involve daily treatments of 
1.8−2 Gy/day to exploit reoxygenation, repair, redistribution and repopulation that occur in tumors and 
normal tissues between the individual daily RT dose fractions. This research proposal investigated a 
novel delivery scheme of pulsed radiotherapy; in which the same total daily dose of radiation is given as 
10 individual pulses with a 3-minute inter-pulse time interval between each individual pulse, rather than 
as one continuous treatment used in conventional delivery. The rationale for giving pulsed treatments is 
that radiation-induced DNA lesions induced by pulsed radiotherapy occurs at a rate below the detection 
threshold of cellular repair processes in tumor cells, and thus DNA damage accumulates, causing cell 
death by apoptosis at the next mitosis. The hypothesis was investigated initially in subcutaneous tumors 
and then an orthotopic tumor model. Conventional standard radiation or pulsed radiation was given, and 
tumor response was monitored by non-invasive microPET/CT imaging. Tumor histology was used to 
investigate the underlying biological mechanisms. 
 
BODY 
 

The experimental plan has been successful and experiments have been conducted in a timely manner. 
 
SOW FOR SPECIFIC AIM #1:  
Specific Aim #1 − Establish and treat subcutaneous model on neuroblastoma (Months 1-7) 
Overview: The aim is to develop a subcutaneous neuroblastoma model and treat with pulsed radiotherapy and 
standard RT to define radiation response and determine the best cell line for the orthotopic model. 
 

Subtask1: Establish tumor implantation for three neuroblastoma cell lines (Months 1-2) 
a. Purchase and acclimatize female CB-17/SCID mice. 
b. Purchase and establish growth of cell lines in vitro. 
c. Establish in vivo tumors and measure tumor growth rate using calipers 

 
Subtask2: Compare radiation schedules for subcutaneous tumors (Months 2-9) 

a. Implant female CB-17/SCID mice with subcutaneous tumors from in vitro cells. 
b. Treat in vivo tumors with conventional fractionated radiotherapy and pulse schedules. 
c. Assess tumor growth rate using calipers. 
d. MicroPET scan animals to assess RT treatment efficacy. 
e. Harvest tumors and process for immunohistochemistry to assess vascular damage. 
f. Analyze data set to determine effectiveness of two RT schedules against vascular injury. 

 
OUTCOMES OF SPECIFIC AIM #1:  
Subtask 1 results: Four neuroblastoma cell lines, SK-N-BE(2), SK-N-SH, MC-IXC, and SH-SY5Y 
were purchased from ATCC.  SK-N-BE(2),  MC-IXC, and SH-SY5Y were grown in DMEM/F12 with 
10% FBS and Pen/Strep.  SK-N-SH cells were grown in DMEM with 10% FBS, Pen/Strep, L-
glutamine, non-essential amino acids, and sodium pyruvate. All cell lines were grown as monolayer 
cultures at 37oC in a 5% CO2 incubator. 
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Figure 2: Response of SK-N-SH and 
MC-IXC cells to standard continuously-
delivered radiotherapy (SRT) and pulsed 
radiotherapy (PRT). No difference in 
tumor response as evident between the 
two regimens. 

 
 
 
Figure 1: Measurement of cellular 
radiation response. 

 
 
Figure 3: Statistically significance difference in tumor response 
was seen for SK-N-BE(2) tumors after SRT and PRT.  
 

SK-N-BE(2), SK-N-SH, MC-IXC exhibited similar 
responses in vitro to 2 Gy radiation given by standard 
continuously-delivered radiotherapy (SRT) or pulsed 
radiotherapy (PRT) (Figure 1). Comparing the cell lines, 
SK-N-BE(2) and SK-N-SH were almost identical in 
radiation sensitivity, while MC-IXC were more 
radiosensitive. The SH-SY5Ycells were very radiosensitive 
and discarded from future experiments.  
 
Female CB-17/SCID mice were purchased from Charles 
River Laboratories and implanted in the right rear flank with 
either 2x10e6 SK-N-BE(2), SK-N-SH, or  MC-IXC cells in 
100uL Matrigel. Each cell line was implanted serially, that 
is once the experiment with SK-N-BE(2) was complete, SK-
N-SH cells were implanted and once these were terminated 
the MC-IXC cells tumors were established. This 
methodological approach extended the time needed to 
generate the data but was undertaken due to the limitations of PET/CT scanning. We are limited to 5 
animals per day, with a total of 10 animals per week as each group received a pre-radiation and post 
radiation scan. 
 
The subcutaneous tumor response data for SK-N-SH and 
MC-IXC are shown in Figure 2, no difference in tumor 
response was seen between SRT and PRT. However, a 
statistically significant difference in tumor response was 
evident between SRT and PRT for SK-N-BE(2) 
subcutaneous tumors (P<0.01, Figure 3).  

 
The difference in tumor response between these three cell types (Figure 2 and 3) does not reflect their 
radiation sensitivity, since SK-N-BE(2) and SK-N-SH cells have a similar radiation sensitivity (Figure 
1). To explain this result, the level of baseline and radiation-induced vascular endothelial growth factor 



 

 
 
Figure 4. VEGF expression levels as assayed by ELISA. Left panel: The four cell lines exhibited different 
basal levels of VEGF expression. Right panel: The cell lines that showed no difference in tumor response 
between SRT and PRT had high levels of radiation-induced VEGF expression. SK-N-BE(2) responded 
differently to SRT and PRT and exhibit a non-significant increase in VEGF expression after radiation 

  

  
Figure 5: H&E staining: (A) SK-N-BE(2) (B) SK-N-SH (C) MC-IXC (D-F) Definiens analysis: Image staining 
intensity and Automated Intensity Quantification of VEGF staining 

(VEGF) expression was measured in cell culture (Figure 4). These data demonstrated an association 
between lower levels of radiation-induced VEGF expression and response to PRT; linking vascular 
biology to PRT effects. 

The data presented in Figure 4 demonstrate SK-N-BE(2) cells have low levels of radiation-induced 
VEGF expression, unlike SK-N-SH and MC-IXC cells that show more significant production of VEGF 
after radiation, given either as PRT or SRT, and that the extent of VEGF corresponds to tumor response 
after PRT. However, the fold increase in VEGF expression was not related to baseline levels of VEGF, 
since no relation was evident between baseline VEGF (Figure 4) and radiation response (Figures 2 & 3).  
 
The difference in VEGF expression seen in the cell culture studies was also evident in tumor histology. 
Tissue samples were stained with several biological markers of tissue damage and tumor vascularity 
(Figure 5). The differential response to SRT or PRT was associated with the level of tumor vascularity. 
Panel A-C show H&E staining for the three tumor types and demonstrate that SK-N-BE(2) tumors are 
the less vascular. Antibody-specific staining of tissue sections demonstrated a difference in staining  
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Figure 6: Tumor volume for SK-N-BE(2) and MC-IXC tumors as determined by CT imaging and PET scans as 
determined by F18-FDG analysis. Tumor is highlighted by red margin. 

intensity for markers of hypoxia (CA9 and GLUT1), VEGF and E-selectin for SK-N-BE(2) tumor 
irradiated with PRT and SRT. After PRT, tumors exhibited lowers levels of hypoxia (CA9, GLUT1) and 
consistent with this less VEGF staining. These data support the hypothesis that PRT produces less tumor 
vascular damage and this maintains tumor oxygenation and therefore maintains tumor radiosensitivity. 
 
PET imaging of SK-N-BE(2) and MC-IXC subcutaneous tumors did not identify differences between 
PRT and SRT but more complex analysis are on-going. Images were taken pre-radiation exposure and at 
two times after radiotherapy. These studies were undertaken to test each tumor model for PET avidity. 

 
Aim 1 - Subtask 1 and subtask 2 are complete. 
 
SOW FOR SPECIFIC AIM #2:  
Overview: The aim is to develop an orthotopic neuroblastoma model and treat with pulsed radiotherapy and standard 
RT to define radiation response and determine treatment efficacy. 
 

Subtask1: Establish surgical procedure for orthotopic tumor implantation (Months 7-12) 
a. Purchase and acclimatize female CB-17/SCID mice. 
b. Growth cell lines in vitro. 
c. Establish surgical technique for orthotopic tumor implant. 
d. Measure growth rate using microPET/CT. 
e. Excise tumor and normal tissues for histology. 
f. Compare tumor cells, normal cells and vessel density in histopathology sections. 

 
Subtask2: Compare radiation schedules for orthotopic tumors (Months 9-18) 

g. Implant female CB-17/SCID mice with orthotopic tumors from in vitro cells. 
h. Treat animals with conventional fractionated radiotherapy and pulse schedules using image-guided irradiator 

and treated with chemotherapy. 
i. Assess tumor growth rate using microPET/CT. 
j. Harvest tumors and surrounding normal tissues and process for immunohistochemistry to assess vascular 

damage. 
k. Analyze data sets to determine effectiveness of two RT schedules against vascular injury. 
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Figure 7: Orthotopic SK-N-BE(2) tumors: contrast-enhanced CT and F18-FDG PET. Tumors are marked by 
the red boundary. 

 
Figure 8: Growth curves of orthotopic SK-N-BE(2) 
tumors. N=4 

OUTCOMES OF SPECIFIC AIM #2:  
Given the success of the SK-N-BE(2) cells as a subcutaneous model, this cell line was used to establish 
an orthotopic neuroblastoma model  (Figure 7). Orthotopically, these tumors grew more quickly than the 
subcutaneous implants (Figure 8), tumors are evident orthotopically with 14 days and 21 days are 
required before a similar sized palpable tumor is evident in the subcutaneous model. 

 
 
These orthotopic SK-N-BE(2) neuroblastoma 
tumors have been excised and are being process 
for histology.  
 
Aim 2 - Subtask 1 is partially complete (a-e), 
subtask f is on-going; tumors have been 
harvested and histology is being analyzed. 
 
 
Aim 2 - Subtask 2 is incomplete and 
experiments are in progress. The techniques 
has been established and the experiments are 
on-going.
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KEY RESEARCH ACCOMPLISHMENTS 
 
Demonstrated differences in subcutaneous tumor response after PRT or SRT were not related to in vitro 
radiation response for three neuroblastoma cell lines. 
 
Established subcutaneous and orthotopic tumor models for neuroblastoma (Figure 3-5; 7) 
 
Demonstrated that the degree of radiation-induced VEGF expression corresponded with tumor response 
to PRT or SRT (Figures 2-4, Figure 5). 
 
Demonstrated that tumor immunohistochemistry after PRT or SRT suggested differential effects on 
tumor vasculature and hypoxic response (CA9, GLUT1 and VEGF: Figure 5). 
 
Demonstrated the response of subcutaneous tumors to PRT treatment may be important in tumor 
metastasis since a role for E-selectin was established (Figure 5). 
 
 
REPORTABLE OUTCOMES 
 
PRT may provide a new treatment for MYCN amplified neuroblastoma tumors, since SK-N-BE(2) 
tumors are radiosensitivity to pulsed treatment regimes.  
 
CONCLUSION 
 
Pulsed RT may be a benefit for a subset of neuroblastoma tumors that are MYCN amplified, and show 
low levels of radiation-induced VEGF expression. 
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APPENDICES 
 
Work was presented at the 59th Radiation Research Society Annual Meeting in New Orleans. 
9/15/2013 to 9/19/2013 as a research poster. Control/Tracking Number: 13-A-382-RRS 
 
POSTER SESSION PS4-34: Wednesday 18th September 2013 
 

Overcoming mechanisms of tumor radiation resistance: The use of low-dose pulsed radiotherapy. 
Brian Marples, PhD; Sarah A. Krueger, PhD; Sandra Galoforo, MS; Diane Schoenherr, BS; 

Jonathan Kane, BS; and George D. Wilson, PhD, 
William Beaumont Hospital, Royal Oak, MI 

 
Patient survival for highly aggressive advanced-stage neuroblastoma remains poor despite a 
multidisciplinary approach involving aggressive surgery, chemotherapy and adjuvant radiotherapy (RT). 
The large RT treatment volume, and concerns about the proximity of radiosensitive normal structures, 
restricts the tumoricidal dose of radiotherapy that can be delivered which limits the effectiveness of  
adjuvant RT. To address this, we delivered radiotherapy using an entirely novel treatment schedule 
designed to minimize normal tissue damage. The concept was to deliver 10 pulses of low-dose RT 
(PRT, 10 x 0.2 Gy) using a 3 minute inter-pulse interval to introduce the RT-induced damage at a level 
that spares tumor vasculature in order to prevent the development of treatment-induced hypoxia, since 
this increases tumor resistance to radiation and chemotherapy. Moreover, damage produced at this dose 
level evades ATM dose-dependent DNA damage detection and repair mechanisms. In vitro clonogenic 
survival experiments demonstrated that a single dose of PRT was not inferior to a continuously 
delivered standard 2 Gy dose (SRT). PRT was delivered at 0.25 Gy/min and SRT at 0.69 Gy/min using a 
Faxitron 160 kVp animal X-irradiator (0.5 mm Cu and Al filters; HVL: 0.77 (mm CU)). Female CB-
17/SCID mice were xenotransplanted subcutaneously in the flank at 6-8 weeks of age with either SK-N-
SH, SK-N-BE or MCIXC neuroblastoma cells and the subsequent tumors irradiated with a total dose of 
20 Gy given over 10 consecutive days (2 Gy/day) as either PRT or SRT. Tumor response was evaluated 
by physical measurements three times a week and by imaging using F18-FDG PET/CT 1 day prior to 
and 2 days post radiation treatment. For SK-N-BE tumors, significant differences in CT volume between 
PRT and SRT were evident at 5 days (p=0.008) and 21 days (p=0.014) post treatment, and animals 
reached endpoint criteria at 56 days after PRT compared with 43 days for SRT (p=0.012). Similar 
differences in response were seen between PRT and SRT for MC-IXC tumors. Studies with SK-N-SH 
are on-going. Quantitative immunohistochemistry identified differences in vascular density (CD34) and 
hypoxic markers (HIF1/CAXI) after PRT or SRT. These data indicate that PRT produces greater tumor 
control than SRT in this model. The work was funded by DOD PRMRP Award W81XWH-12-1-0355.  
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POSTER SESSION PS4-34 
59th Radiation Research Society 2013 
 
 

 

Neuroblastoma is the most common extra-cranial soicl tumor of earty chJdhood. Variable 
response is seen from spontaneous regression 10 highty aggressive disease which is resistant to 
multimoclality treatment includlng conventionally delivered radiotherapy (I). MYCN is a~lified in 
25% of tumors and is a genetic marler for treatme.nt td.Jre (2). Tumor microlf'essel density (3. 4). 
angiogenic " owth factor expression (e.g. VEGF) and down-regulation of angiogenic factors 
have bee.n associated w:th achranced stage disease. along with apoptotic resistance owing to 
MYCN amplification [5. 6]. Ther efore. novel approaches targeting tumor ang5c.genesis represe.nt 
promising strategjes for overcoming advanced disease. Our previous pre-clinical studies w:th 
glioblastoma nw:ltfonne (GSM' have demonstrated pulsed radiotherapy (PRT) offers a larger 
the.rapeutic benefit than contnuously~delivered standard radiotherapy (SRT) (7 -9]. In GSM. PRT 
spared tumor vasculature which maintained tumor oxygenation via a VEGF-based mechanism. 
Therefore. we hypothesized that PRT may be an effective treatment of neuroblastoma .. 
1 .Mn~at. L.a'nt ml. li11,'S6J1):p.l1c.-2D. li&WII,N Eri;J J Ue:l. 2D IO. li2(23~ D. Dl:!-11. 
3-Uii'!twll!el... J CibQICOI, 1996. 1~ 0.. 405-14. 4..~11!41.,J 01r10Xd, XOO. 18(1):p.27·34. 
S. T~ll! 31.,¢.111"«rldt.XICI3.. tWI1· 2.J: p. 9)-8. 6.Erdll!41.,¢ronorF\n.. :UO. 60i16):p. 4 $96-631. 
7.~d41i.,~OXOI. 2013.. 108{1~ Q. UH4, l.l.eed41i., lrtJRd!IIOnCOI 9101PI!YJ, 2:013..S&I_~ 0.97HS. 

9 . P«<.t141. 1rt J Fbcl:ltOnall91oiPfftS. 2DU.801.3~ Q.88So92. 

Materials and methods 
Neuroblastoma e&Irs: SK-N..SE(2), SK·N-SH, UC.IXC. ana SH-SYSY cell6 we1e pof"CC\15E!<I tromATCC. SK­
N-6E{2). MC-lXC at~a SH·SYSYwere gf"''An In DMEM'F12 wttn lO% FBS ana Pen.•Strep. SK-N-$!1 CE'II6 were 
gn:Mt1 t'l Dti:EM wttn lO% FBS. PenJSirep, L'ijllnamlne, notH!S&erdal <rnt'loactiJ6 ana 60Ciklm pyruva:e. AI 
eel l ne& were grown a& monOlayer cutuM at J7'"C b a 5% CO, llo.lla:oc. SK·N-6E(2} CE!II6 <we MYCN 
amprr..eo., WIICI rype ALX, '61!TI mooera:e level:& Of oopamr.e ~ nyoroxy1ase actiVIty. COtlve.wl)'. SK-N·SH cell6 
<we not UYCN ampar.!'CJ nao~ an AU<: ml&ltloo (f 1174l) <r~a NgM evei6 or oq:~arme ~ nyaoxytase actMty. 
Doutlllng lftrre&: SK·N-6E(2)-351lr; SK-H-SJio-7Str. SH·SYSY• 7Sllr. M~C·301lr 

AntiiN:fS: Tile protocol W.:t& <1)proYe<l Dy the W:mam Be almont H06plbl tA.CUC. Female C5l7.SCIO miCe 
(Ctlarle& RIVer. MA) were h01J6.ecl ln convenllonalli'IICrCH&Cf.alor cage& anagrven s.ancsara ro<~ent ChOll¥ ana 
water aa l ottum. 2X10-6 cell& 1n lOD pL nu1r1ge1 we~e rnpcanle<l on trle ngtt re1r r.an1 or Oftllo:oplcany. 
Riduuon sc.n.at~J9:Ane&:nel!ze<l animal& '6'ere m«.a~ea <l:dfdh 2~ ettheroy SRT {oon:n~ 
oenwereo) or PRT ( 10 pul&e& or 0.2 Gy. &eparatea oy J-nmu:e lrllei'Val&) to a 1o>a1 a06e ot 20 Gy o-.~r 10 
consecuttYe 03)'$. RT wa&<le!!Verea u&lng a Faxt.ron l 6D rvp at~lnul X1Ta«.ator (0.5 mm cu an<IAI r.;tm; 
HVL: o. n (mm CUI) wttn a ®&e ralle Of 0.69 (GyJmln (SRT} or 0.25 Gy.'Mn (PRT). 
TUmor HDigiJ'Jg m<1 ent!potnr. T'Urnot" YOII.me6 we1e <Jelermlne<l D)' l'l"fUUPETICT ~1'9 .:tn<l cai~PE'f$. A 
FLEX TrtlmpntwOOI'l"CCIne<l 6null-arilnal PETICT 5y5tem (Gamma Me«Ca-J<Jea&} Wa& u&ea tor COOIB&'l· 
enl\:tl'lce<l CT (80 I VI2SDJIA. 170 I' Omnlpaque 350. GE HN I!TICare} .:tn<l (181'}-FOG-PET (22.2 MBq :t10% In 
200 I' m 30 we.&). nmor vOit.rne D)! caJper meaw-ement wa& C<ICUiatea U6fng tile wnaan:~ tormUia 
(1JaD2}'6: a 16 trle lagK-1 ana Dl6 tile &m<Oe-51: aumeo':er. 

CINJ PI'OI't$r.ll10MIITT: 2,000.S,OOO c:en& '6'el'e pla:e<l lnto lnciiV~ '6'tll6 <Jepen<llng on cell type ft:lr UTI 
a&&.l)'$. Pla:K •<ere tTacllltecJ vt1'1 2 Gy SRT. 11h'0.2 Gy PRT or6ll<n trea:eo ror nve con5eCUUve 03)'$. 
VEGF L9Wf6. VEGF ~6$ '6'ere tnea&lre<l U6fng a EIJSAIIt trom R&D Sy&le~ 
S'lam~l anal)'6t5: s:uaem 1-:Kt a&W~T~llg ooequ.31 vanance&. '61th p v<OJK le66 N n 0!05 con&ICierea 
DIO!OgC.:tiP)' 691mcant 
HtstOIOgy: By Dellrren& Tl6ale Sll.lalo SO!tM.:tre (DTSS). Regl01'16 ot lrt':ere&1 (ROI) we1e Cielermlnecl rtom tile 
entire hiStolOgy 1rroge. A DTSS &OkJUOn wa& aeatea D)' InitialiZing ceBJur anal)'616. oetecllng marter ow a&. 
at~<~ CllS&II)t'lg &'lain lrt':el'l6t.»&a& 1cww. me«um or n~gn: anci !J'Ien <1)prea to a11 ROL Tile ~are l'l'laf'KH 

atH ana pe~Ce~~t area ssabe<l. a1 <IVICie<l aiTICifl96-1 tne 10"11¥. ~. ana ttgn lllen&lt)'. 

Results 
Figun 1: Radiation respoose as detennined by MTI. No differences in response were seen 
betwee.n SRT and PRT. yH2A.X stain.i-lg (DNA dsbs) are shown fof SK-N-8 E(2) and SK-N-SH. 
Figun 2: In vitro VEGF expres.sion by EliSA. SK-N-SE(2) had 3-told h.igher levels of VEGF 
than SK-N-SH cells (p<O.OOI ). SK-N4 BE{2) and MC-lXC were comparable. 
Figure 3: Fold increase in VEGF expression after 5 consecutive days of SRT Of PRT. 
Significant increases were seen fof SK-N-SH (p<0.00 1) and MC-lXC (p<0.05) cells. 
Figure l : Tumor regrowth delay as assayed by caliper measurements. The ex tent of growth 
delay corresponded with in vitro radiation response. SK-N-8 E(2) tumors responded d:ifferentty 
to PRT and SRT. For all three wmor types. the difference in tumor response to PRT and SRT 
corresponded with radiation-induced in vitro expressioo of VEGF. 
Figure 5: Tumor response assayed by CT and PET. Responses a.'ter PRT or S RT were 
comparable. 
Figure 6: Histological comp.:trisoo of SK-N-BE{2) tumors. Differences in stm.ing were evident 
between SRT and PRT treated tumors for E-Selectin. VEGF, CAQ and GLUT! . 
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1. Differences in tumor response after PRT or SRT were not related to in v1lro radiation response. 
2. The degree of radiation-induced VEGF expression corresponded with tumor response to PRT 

or SRT (Figures 2-4, Figure 6). 
3. Tumor invnunohistochemistry after PRT or SRT sug:gested differential effects on tumor 

vasculature and hypoxic response (CA9, GLUT1 and VEGF: Figure 6). PRT response may be 
important in tumor metastasis (E-selectin; Figure 6) .. 

4. These subcutaneous neuroblastoma studies are preliminary, and additional data are needed to 
confirm the therapeutic benefit of PRT. However, PRT may provide a new treabnent for MYCN 
amplified tumors. An orthotopic tumor model is being used to address this question (Figure 7). 




